αβ or γδ thymocytes whose T-cell receptors (TCRs) recognize endogenously expressed antigens (Ag) are autospecific and, thus, potentially self-reactive. In the thymus, such T cells are eliminated during T-cell development through a process known as negative selection. As a model of negative selection of γδ T cells, we have used G8 γδ-T cell transgenic mice, which express a γδ TCR that recognizes the nonpolymorphic MHC class I TL b molecule. Here, we demonstrate that negative selection of autospecific γδ T cells is almost complete in the adult thymus but is markedly attenuated in the neonatal thymus.
Introduction
Immature T cells that express an autospecific T-cell receptor (TCR) that recognizes an endogenously expressed antigen are eliminated in the thymus through the process of negative selection. This process has been shown in several systems to be an efficient method by which the body prevents potentially harmful autoreactive T cells from developing. During T-cell development, thymocytes that express a specific Vβ TCR that recognizes an endogenously expressed Mls superantigen are eliminated, and are thus virtually absent from the adult thymus (1, 2) . Similarly, studies on transgenic (Tg) mice have shown that mature T cells that express a TCR that recognizes an endogenously expressed antigen (Ag) are also deleted (3) (4) (5) (6) (7) .
Several lines of evidence suggest that, in contrast with the adult thymus, negative selection of autoreactive αβ and γδ T cells is either absent or markedly attenuated early in ontogeny. T cells that express Vβ TCRs that recognize an endogenously expressed Mls Ag are found in relatively large numbers in the neonatal thymus, but are virtually absent in the adult thymus (8) (9) (10) . Similarly, in HY, αβ-T cell Tg mice, Teh et al. demonstrated that Tg αβ T cells that recognize the male HY antigen are found in almost equal numbers in the thymus of male and female mice at fetal day 16, but these cells begin to decrease markedly in the male thymus at or near the time of birth (11) . Using G8 Tg γδ-TCR mice, Dent et al. demonstrated that Tg γδ T cells, which recognize an endogenously expwressed TL b antigen (T10 b or T22 b ), are found in the neonatal spleen, but are virtually absent in the adult spleen and thymus of TL b+ mice (12) . Although their results suggest that negative selection of Tg γδ T cells is either absent or attenuated in the neonatal thymus, Dent et al. did not examine the neonatal thymus and therefore did not address the possibility that Tg γδ T cells found in the spleen of neonatal TL b+ mice were derived from an extrathymic pathway (13) (14) (15) (16) . Nevertheless, these results collectively suggest that the ability of the neonatal thymus to remove autospecific neonatal thymocytes is either absent or severely attenuated.
The fate of these autospecific neonatal thymocytes is an important issue that has not been addressed in the discussed neonatal studies. Presumably, a few cells escape out into the periphery and remain senescent at very low numbers, but most die from negative selection and possibly peripheral deletion. Therefore, it is interesting to note that like the neonatal thymus, the intestinal epithelial lymphocyte (IEL) population appears to be rich in T cells that bear autospecific TCR. The IEL population has been shown to be rich in αβ T cells, which express Vβ TCRs that recognize an endogenously expressed Mls Ag (17) . Furthermore, studies on αβ-and γδ-T cell Tg mice, which express a TCR that recognizes endogenously expressed Ag, have shown that the IEL population is rich in T cells that express autospecific TCR (16, (18) (19) (20) . However, how these IEL that express autospecific TCR escape negative selection is unclear. Present theory suggests that most IEL that express an autospecific TCR avoid thymic negative selection by developing by an extrathymic pathway (16, 17, 21) . However, the relative contribution of the extrathymic pathway to the development of most IEL is controversial (22, 23) . Nude mice that are congenitally athymic have virtually no TCR αβ IEL and have markedly reduced numbers of TCR γδ IEL compared with normal euthymic mice (22, 24) . Furthermore, several studies have shown that many IEL, which were originally believed to develop solely through an extrathymic pathway, can also be derived from the fetal/neonatal thymus (25, 26) .
In this study, we investigated whether there is a direct relationship between the absence or attenuation of negative selection in the neonatal thymus and the abundant number of IEL that express an autospecific TCR. Using G8 γδ Tg mice as a model of negative selection of γδ T cells, we demonstrate that negative selection is severely attenuated in the neonatal thymus so that up to 40% of day 2 neonatal thymocytes bear the autospecific Tg γδ TCR. Furthermore, a consequence of this attenuated negative selection is that potentially selfreactive Tg γδ neonatal thymocytes, which appear to be in the process of undergoing negative selection, are able to escape, differentiate extrathymically, and find sanctuary in intestinal epithelium, where they survive and incease in number. Lastly, we demonstrate that the ability of the intestinal epithelium to serve efficiently as a sanctuary for autospecific γδ T cells requires, paradoxically, the extrathymic presence of the self-Ag. The implications of these findings on the development of IEL and the development and persistence of autoreactive T cells found in autoimmune disease are discussed. Neonatal thymectomy and thymus grafting of nude mice. Neonatal thymectomy was performed on day 2 neonates as described previously (29, 30) . Grafting of nude mice was performed by placing either 2 lobes of day 2 neonatal thymus or a portion of adult thymus (trimmed to be of similar size to a pair of day 2 neonatal thymuses) under the kidney capsule as described previously (31) .
Proliferation assay. Unless otherwise stated, responder cells (2 × 10 5 ) were cultured with either plate-bound mAbs (3 µg/mL) or stimulator cells (2 × 10 5 irradiated spleen cells) for 36 hours in 100 µL RPMI with 10% FCS, and then pulsed with 1 µCi of hydrogen-3 for 12 hours before harvest. Assays were performed at day 1, day 2, and day 3, in triplicate.
Cytotoxic assay. The ability of IEL to induce the cytotoxic killing of human Jurkat T cells (primarily through a Fas-mediated mechanism) has been previously described (32 Figure 3 ). As shown in Figure 3 
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Figure 3
Efficient homing of Tg b/d Vγ2
Discussion
Using G8 γδ Tg mice, we have demonstrated that the negative selection of γδ T cells bearing an autospecific TCR is markedly attenuated in the neonatal thymus. A consequence of this attenuated negative selection is that potentially self-reactive thymocytes are allowed to escape negative selection, and migrate to the intestinal epithelium where they survive and increase in number. Although several studies have shown that negative selection is either absent or attenuated in the neonatal thymus, our study is the first to demonstrate that the fate of autospecific neonatal thymocytes can be other than death by negative selection. What makes our results intriguing is that we have also demonstrated that despite our autospecific neonatal γδ thymocytes appearing to be in the process of undergoing negative selection, the intestinal epithelium somehow serves as a sanctuary for these autospecific neonatal thymocytes. Lessons learned from studying this pathway are relevant to our understanding of how autoreactive T cells are allowed to develop and persist in autoimmune disease. It is worth noting that most studies that have addressed the fate of autospecific T cells have done so by transferring naive autospecific T cells into a host that expresses an Ag that is recognized by the transferred autospecific T cells. These studies, however, may not provide accurate models for studying the fate of autoreactive T cells in autoimmune disease, because they assume that autoreactive T cells are naive and have never encountered the self-Ag in development (i.e., negative selection). Our study addresses this issue and specifically examines the fate of autospecific T cells that have truly escaped functional negative selection.
From our model, 3 criteria appear to be required for autospecific thymocytes to escape negative selection and find sanctuary. The first criterion is that negative selection must be attenuated so that thymocytes expressing an autospecific TCR are allowed to escape negative selection. In our model, the neonatal period provides a brief window of time during which autospecific thymocytes can escape negative selection. It would be interesting to speculate whether stress or infection (which are both associated with autoimmune disease) can induce a similar phenomenon. The second criterion is that the self-Ag must be present extrathymically. Grafting of the Tg b/d neonatal thymus generated a large number of Vγ2 + T cells in the intestinal epithelium of only Ag + TL b+ hosts, but not in Ag -TL d+ hosts (Figure 3 ). This criterion is puzzling, because our results suggest that Tg b/d Vγ2 + neonatal thymocytes have already encountered the TL b Ag and are rendered unresponsive to TCR stimulation (data not shown). The third criterion appears to be the environment. In our model, grafting of the Tg b/d neonatal thymus into TL b+ null hosts generated a large population of Vγ2 + T cells only in the intestinal epithelium and not elsewhere ( Figure  3 and data not shown). This suggests that the intestinal epithelium provides a unique environment that allows the survival and expansion of autospecific neonatal thymocytes. The nature of this environment, however, is not presently known.
We also attempted to determine whether encounter- An important question is whether our observations are also applicable to autospecific neonatal αβ thymocytes. Studies on αβ T cells, which recognize an endogenously expressed Mls Ag, and Tg αβ T cells, which recognize the male HY Ag, have shown that autospecific αβ T cells are found in relatively large numbers in both the neonatal thymus and IEL populations (8-11, 17, 20) . These findings suggest that reminiscent of our observations regarding autospecific neonatal γδ thymocytes, the intestinal epithelium can also serve as a sanctuary for autospecific neonatal αβ thymocytes. However, whether these thymocytes can migrate to the intestinal epithelium and find sanctuary has not been directly demonstrated and is presently under investigation.
We (Figure 1c) , and grafting of the neonatal Tg b/d thymus into a TL b+ host generated very large numbers of Tg b/d Vγ2 + IEL (Figure 3, top row) . At first sight, our results appear to directly conflict with the study by Barrett et al. (16) , who used the adult thymectomy radiation bone marrow chimera (ATXBM) as a model for extrathymic Tcell development and concluded that Tg b/d Vγ2 + IEL are derived from an extrathymic pathway. Although we are willing to concede that some Tg b/d Vγ2 + IEL can develop through such a pathway, several lines of reasoning suggest that the results of the ATXBM model probably exaggerate the significance of the this pathway. First, the radiation bone marrow chimera model only demonstrates that some Tg b/d Vγ2 + IEL can develop through an extrathymic pathway. Second, the ATXBM (16, 27) , who demonstrated that Tg b/d Vγ2 + IEL have acquired tolerance. Although the development of tolerance may protect the intestinal epithelium from being harmed by potentially autoreactive T cells, it is not clear what functional purpose would be served by expanding a large population of both tolerant and potentially autoreactive T cells. One possibility is that this pathway may be an efficient way of generating IEL that produce TH2-type cytokines rather than the TH1-type cytokines, which may be more harmful to the intestinal epithelium in an immune reaction. Using 2C Tg mice that express an αβ TCR that recognizes an endogenous peptide Ag presented by the MHC class I H-2L d , Guehler et al. (41) demonstrated that Tg IEL from Ag + mice proliferated poorly and produced very little IL-2 or IFN-γ, yet also demonstrated by RT-PCR that Tg IEL from Ag + mice were more likely than Tg IEL from their experimental Ag -mice to produce TH2-type cytokine IL-4. Whether this phenomenon occurs for αβ IEL in other Tg mice or for our Tg Vγ2 + IEL has yet to be shown. Finally, our results may have some relevance to human γδ IEL. Groh et al. recently demonstrated that some human γδ IEL are capable of recognizing stress-induced self MHC class I-related molecules (42) . Their results suggest that a similar pathway of development, which we have described here, may also occur for human γδ IEL.
